Ethanol is the most common drug of abuse. It exerts its behavioral effects by acting on widespread neural circuits; however, its impact on glial cells is less understood. We show that Drosophila perineurial glia are critical for ethanol tolerance, a simple form of behavioral plasticity. The perineurial glia form the continuous outer cellular layer of the blood-brain barrier and are the interface between the brain and the circulation. Ethanol tolerance development requires the A kinase anchoring protein Akap200 specifically in perineurial glia. Akap200 tightly coordinates protein kinase A, actin, and calcium signaling at the membrane to control tolerance. Furthermore, ethanol causes a structural remodeling of the actin cytoskeleton and perineurial membrane topology in an Akap200-dependent manner, without disrupting classical barrier functions. Our findings reveal an active molecular signaling process in the cells at the blood-brain interface that permits a form of behavioral plasticity induced by ethanol.
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In Brief Parkhurst et. al show that glia at the interface of the Drosophila circulation and brain change shape in response to alcohol and permit the development of alcohol tolerance. This depends on the anchoring of signaling molecules to the plasma membrane in proximity to the actin cytoskeleton.
INTRODUCTION
Ethanol is the most widely used addictive drug, yet our partial understanding of how it affects brain function and behavior has hampered the development of treatments for alcohol use disorders. A simple neuroadaptive change induced by ethanol is the development of tolerance, which is the acquired resistance to its aversive and pleasurable effects, and which facilitates increased ethanol intake (Fadda and Rossetti, 1998) . The fruit fly Drosophila is a promising model for identifying the molecular mechanisms of both simple and more complex behavioral responses to ethanol, including sensitivity, tolerance, preference, withdrawal, and reward (Ghezzi and Atkinson, 2011; Kaun et al., 2012) .
Behavioral adaptations to ethanol exposure like tolerance are due to alterations in the synaptic transmission of neurons (Ghezzi and Atkinson, 2011; Hyman et al., 2006) . The role of glia, the main non-neuronal cell type in the nervous system, is less well understood (Allen and Barres, 2009; Araque et al., 2014) . Short-term exposure to moderate ethanol doses increases the levels of a glial-specific cytoskeletal protein (Blanco and Guerri, 2007; Bull et al., 2015; Goodlett et al., 1993) . Binge and chronic drinking cause astrogliosis and changes in glial density (Bull et al., 2015; Evrard et al., 2003; Fattore et al., 2002; Goodlett et al., 1997; Miguel-Hidalgo, 2006) . Changes in glial markers and glial proliferation following ethanol self-administration suggest that glia may also contribute to the long-lasting neurobehavioral effects of ethanol (Evrard et al., 2006; He et al., 2009; Nixon et al., 2008) .
Glia are integral to the blood-brain barrier, which is affected by ethanol in as-yet-unclear ways (Haorah et al., 2005; Peng et al., 2013; Rubio-Araiz et al., 2017) . The fly blood-brain barrier is composed of two closely apposed layers of glia and an overlying extracellular matrix, and it surrounds the CNS (Awasaki et al., 2008; Hindle and Bainton, 2014) . The inner subperineurial glial layer forms the physical and much of the chemical barrier. The outer perineurial glia interfaces directly with the circulating hemolymph, and it transports sugar into the brain, provides some chemical barrier functions, and structures the overlying extracellular matrix (Seabrooke and O'Donnell, 2013; Stork et al., 2008; Volkenhoff et al., 2015) . The subperineurial glia regulate ethanol sensitivity by adjusting the tightness of the physical barrier (Bainton et al., 2005) .
Protein kinase A (PKA) is a key regulator of ethanol neurobehavioral action (Park et al., 2000; Ron and Barak, 2016) . We sought to better understand how ethanol initiates behavioral plasticity by characterizing ethanol-regulated PKA interacting proteins. The Drosophila A kinase anchoring protein Akap200 is an intracellular scaffolding protein that spatially coordinates PKA, calmodulin (CaM), and actin, is regulated by protein kinase C (PKC), and that regulates the size of actin-rich ring canals in embryos (Jackson and Berg, 2002; Li et al., 1999; Rossi et al., 1999) . We show here that Akap200 coordination of PKA, calcium, and actin at the membrane of the perineurial glia permits ethanolinduced behavioral plasticity.
ethanol. The Akap200 locus transcribes seven distinct transcripts that are translated into two major forms of Akap200 protein ( Figure 1A ). Class I transcripts encode Akap200L that contains a PKA regulatory subunit type II (RII) binding domain, and class II transcripts encode Akap200S that lacks the RII domain. Both protein isoforms are N-terminal myristoylated and contain a polybasic MARCKS-like domain that binds actin and Ca
2+
-bound CaM, and is PKC phosphorylated . Ethanol increased Akap200 class I and II expression (Figure 1B) . Two transposon insertions in the Akap200 locus, NP511 and EY4645, markedly decreased expression of both Akap200 transcript classes (Figure 1C) . Two additional transposon insertions at different genomic locations also decreased Akap200 expression ( Figure S1A ). All Akap200 mutants were homozygous viable and sterile, with an incompletely penetrant wings-held-down posture defect. Sterility is an Akap200 lossof-function phenotype due to its role in oogenesis (Jackson and Berg, 2002) .
We tested NP511 and EY4645 flies for their behavioral response to ethanol using assays that measure sedation sensitivity ( Figure 1D ) and locomotor stimulation ( Figure S1F ). To induce and measure rapid tolerance to ethanol sedation, flies were exposed twice to ethanol vapor, with a 4-hr interval between the start of each exposure, allowing for complete ethanol metabolism between exposures. Flies are less sensitive to the sedating effects of ethanol upon the second exposure, and this tolerance is measured as the difference in time to 50% sedation (ST50) between exposures ( Figure 1D ). EY4645 flies showed increased ethanol sensitivity (Figure 1E) , and both EY4645 and NP511 showed decreased ethanol tolerance ( Figure 1F ). Flies heterozygous for either mutation were unaffected for ethanol behavioral responses (Figures S1D and S1E), indicating that both Akap200 mutations are recessive. Placing EY4645 over the deficiency Df(2L)BSC201 resulted in fully penetrant lethality. The two additional alleles, NP609 and NP6271, also exhibited decreased ethanol tolerance (Figures S1B and S1C). Ethanol stimulates locomotor activity that is sensitized during tolerance development ( Figure S1F ) (Kong et al., 2010) . The difference in distance traveled between exposures is a measure of sensitization. Whereas NP511 and EY4645 differently affected ethanol-induced hyperactivity ( Figure S1G ), both decreased sensitization ( Figure S1H ). Ethanol absorption was unaffected in the Akap200 mutants ( Figure S1I ).
Ethanol preference is a distinct measure of drug-induced plasticity Devineni et al., 2011; Ja et al., 2007) . Drug naive flies equally prefer food and foodplus-ethanol, whereas pre-exposure to an inebriating dose of ethanol vapor induces preference for food-plus-ethanol ( Figures  1G and 1H ) (Peru Y Coló n de Portugal et al., 2014) . Interestingly, Akap200 mutant flies preferred food-plus-ethanol even without the priming pre-exposure ( Figure 1H ). This precocious ethanol preference was not due to an inability to detect aversive tastants like ethanol: Akap200 mutant flies given a choice between highly sweet but bitter and less sweet foods chose the less sweet option ( Figure 1I ). These data show that Akap200 affects ethanol sensitivity and promotes behavioral plasticity (tolerance, sensitization, and preference) upon repeated or chronic ethanol exposure.
Akap200 Expression Is Glial and Neuronal
Akap200 is expressed almost exclusively in the nervous system during embryonic development (Bonin and Mann, 2004; Freeman et al., 2003) . We used the GFP protein trap Akap200
PBss (Figure 1A) to assess Akap200 distribution in the adult nervous system. In Akap200 PBss , GFP-encoding sequences splice to the Akap200 open reading frame upstream of the final coding exon, and downstream of all characterized functional domains. We confirmed Akap200L-and Aka200S-GFP fusion proteins in Akap200 PBss fly heads by western analysis ( Figure 2A ). Akap200-GFP was non-nuclear and was widely distributed in the brain ( Figure 2B ). Particularly strong expression surrounding neuronal nuclei in the cortex suggested expression in the cortex glia. Diffuse Akap200 was evident throughout the synaptic neuropil, suggesting a broad neuronal distribution. We used the Gal4/UAS binary system to express two Akap200 dsRNAs, 651 and 5646, that target distinct regions of Akap200 that are common to all isoforms ( Figure 1A ). When expressed ubiquitously (using Act5C-Gal4), both dsRNAs decreased Akap200 expression to barely detectable levels ( Figure 2E ). We confirmed both RNAis affected ethanol behaviors (Figures S2F and S2G) and used the behaviorally stronger 651 for subsequent experiments. Akap200 RNAi specifically in all neurons reduced Akap200-GFP throughout the synaptic neuropil, making cortex glia and ensheathing glia Akap200-GFP expression more prominent ( Figures 2C and 2C 0 ). Akap200 RNAi specifically in all glia also reduced Akap200-GFP expression, especially in the cortex ( Figures 2D and 2D 0 ). Thus, Akap200 is present in both neurons and glia in the adult brain, and Akap200 expression is widespread.
Akap200
Coordinates PKA in the Outer Layer of the Blood-Brain Barrier to Promote Ethanol Tolerance We next asked where Akap200 was required for ethanol behavioral responses. Akap200 RNAi in all neurons (elav-Gal4) did not alter ethanol sedation sensitivity or tolerance, whereas Akap200 RNAi in all glia (repo-Gal4) reduced ethanol tolerance ( Figures 3A and 3B ). Diverse glia types perform specific functions ( Figure 3C ). We used a panel of Gal4 transgenes that express only in specific glial classes to reduce Akap200 expression (Figure 3B, lower table) . Akap200 RNAi specifically in perineurial glia (using Indy-Gal4), but not in any other type of glia, decreased ethanol sedation sensitivity and sedation tolerance ( Figures 3A and 3B ). Indy-Gal4 is expressed exclusively the perineurial glia in the adult nervous system (Figures 
UAS-Akap200
Long Short
+>UAS-Akap200
Indy-Gal4>+ for Akap200 RNAi driven with the Gal4 strains and in the patterns indicated below the graphs. repo-G80 expresses the GAL4 inhibitor GAL80 specifically in all glial cells. One-way ANOVA/Tukey's, *p < 0.05, **p < 0.01; n indicated below each bar.
(C) Location of the glia types, adapted with permission (Ou et al., 2014) . (D) Akap200 is in the perineurial glia (PNG, Indy > CD2mCherry, anti-dsRed). ''Overlap'' show pixels that are common with Akap200-GFP. Control: w;Akap200
PBss /UAS-CD2mCherry;Indy-Gal4/+. Akap200.IR: w,UAS-Akap200.IR;Akap200 PBss /UAS-CD2mCherry;Indy-Gal4/+. Area imaged is dashed rectangle in (C). Scale bar: 25 mm.
(E and F) Ethanol sensitivity (E) and tolerance (F) when either wild-type or mutated Akap200 transgenes were expressed in perineurial glia of wild-type flies. Akap200 sequence changes were S/A: PKC non-phosphorylatable; S/D: PKC pseudo-phosphorylated; NM: myristoylation blocked (details in Experimental Procedures). One way ANOVA/Tukey's, the number of groups tested is indicated below each bar for all panels in figure. *p < 0.05, **p < 0.01. All bar graphs are mean with SEM. See also Figure S2 .
S2A-S2E); however, it may be expressed in other tissues in the animal (DeSalvo et al., 2011) . To confirm that Akap200 functions in perineurial glia, we introduced repo-Gal80 that expresses the GAL4 inhibitor GAL80 in all glia and found that it blocked the behavioral effects of Akap200 RNAi driven by Indy-Gal4 ( Figures 3A and 3B ). Locomotor sensitization was also decreased when Akap200 expression was reduced in all glia and specifically in perineurial glia (Figures S2F and S2G) . Thus, Akap200 promotes ethanol behavioral responses through its actions in the perineurial glia that form the outermost cellular layer of the Drosophila blood-brain barrier. Akap200-GFP is expressed in perineurial glia ( Figure 3D ). Perineurial-specific Akap200 RNAi decreased Akap200-GFP expression only in these cells, and the perineurial layer appeared to be intact ( Figure 3D ). To ask how Akap200 dictates ethanol tolerance, we overexpressed Akap200 specifically in the perineurial glia. Akap200L overexpression acted like a dominant negative, increasing ethanol sensitivity and decreasing ethanol tolerance, similar to EY4645 (Figures 3E and 3F ). Decreasing endogenous Akap200 by one-half did not alter the Akap200L overexpression phenotype ( Figure S2H ). Importantly, overexpression of Akap200S had no effect. Akap200L contains the Pka-RII binding domain, suggesting that coordination of PKA by Akap200 is key for tolerance development. We tested this using transgenes harboring mutations of the known molecular functions of Akap200L . PKC phosphorylation sites in the N-terminal positively charged domain were made either nonphosphorylatable (S/A) or psuedophosphorylated (S/D), and the myristoylation consensus sequence was mutated (NM). Both psuedophosphorylation and blocking myristoylation eliminated the effects of overexpression on ethanol sensitivity and tolerance ( Figures 3E and 3F ). These two manipulations are predicted to delocalize overexpressed Akap200L from the membrane . Taken together, these results suggest that ethanol tolerance is promoted in the perineurial glia through reversible tethering of PKA to the plasma membrane by Akap200.
PKA and Calcium Acutely Regulate Ethanol Tolerance in the Perineurial Glia Our findings suggest that Akap200 positions PKA and other proteins at the membrane where they can respond to cellular signals in a localized fashion. We therefore asked whether altering PKA and intracellular calcium in perineurial glia affects tolerance. RNAi-mediated reduction of the PKA RII regulatory subunit PKA-R2 decreased ethanol sedation sensitivity and tolerance ( Figures 4A and 4B) . Overexpression of the PKA catalytic subunit (UAS-Pka-C), either the wild-type or a constitutively active form (UAS-Pka-C*), had a similar effect. These PKA manipulations are predicted to increase and delocalize PKA activity. Furthermore, reducing CaM, which competes with actin for Akap200 binding, in the perineurial glia led to marked ethanol sedation resistance and a near absence of ethanol tolerance ( Figures 4A and 4B) . Consistent with a role for internal stores, as in other glia, reduced expression of the sarco/endoplasmic reticulum calcium-ATPase channel Cap60A or the inositol 1,4,5-trisphosphate receptor Itpr resulted in decreased ethanol tolerance (Figures 4A and 4B) . Thus, PKA and calcium signaling may be coordinated by Akap200 in the perineurial glia to promote ethanol sensitivity and tolerance. These same manipulations done specifically in subperineurial glia decreased ethanol sensitivity but had no effect on ethanol tolerance ( Figures 3A, 4A , and 4B). Thus, blood-brain barrier promotion of ethanol tolerance through Akap200, PKA, and calcium is specific to the perineurial layer, whereas ethanol sensitivity is controlled by both layers. Finally, we asked whether altering the properties of the perineurial glia acutely during ethanol exposure affected behavior. We depolarized the perineurial glia, increasing calcium influx, using the heat-activated TrpA1 cation channel at the onset of ethanol exposure. Acute TrpA1 activation did not alter ethanol sensitivity, but it strongly decreased ethanol tolerance ( Figures  4C and 4D) . Therefore, the perineurial glia are actively involved in the development of ethanol tolerance. 
Ethanol Alters Perineurial Glial
Morphology in an Akap200-Dependent Manner The perineurial layer of the blood-brain barrier is composed of elongated cells that tile the surface of the adult brain (Awasaki et al., 2008; Kremer et al., 2017; Stork et al., 2008) . Labeling the perineurial glia with plasma membrane bound GFP revealed their tiled organization on the front surface of the brain (Figure 5A , Air; Figure S3 ). Akap200 RNAi in the perineurial glia did not affect perineurial morphology, indicating that their development and overall structure are unaffected by loss of Akap200 (Figure 5B, Air) . Ethanol exposure resulted in a marked change in perineurial glia membrane topology (Figure 5A, Ethanol) , appearing more disorganized and masking the tiled appearance. We used a stochastic multicolor labeling technique to assess the morphology of individual cells . Whereas the spatial arrangement of perineurial cells was unaffected by ethanol, the plasma membranes were less uniform ( Figures  S3A and S3B ). Because Akap200 binds actin through its MARCKS-like domain, which is critical for cell morphology, we expressed the Lifeact-GFP actin-binding protein in perineurial glia, which was expressed in a subset of perineurial cells. The actin cytoskeleton in untreated perineurial cells formed a reticulated structure ( Figure 5C ). Ethanol exposure decreased reticulation, and at the extreme resulted in the accumulation of discrete actin blobs (Figures 5C and 5D) . Surprisingly, the altered appearance of the perineurial glia persisted at least 24 hr after recovery from the ethanol exposure (Figure 5A, . In flies with Akap200 expression reduced in the perineurial glia, ethanol exposure affected perineurial glia membrane topology less severely or in a delayed manner (Figure 5B) . These findings suggest that ethanol induces morphological changes in the perineurial glia through an Akap200-dependent mechanism, possibly by facilitating changes in the actin cytoskeleton.
Ethanol may promote tolerance by structurally or functionally incapacitating the perineurial glia. We tested this by killing the perineurial layer specifically in adults. Flies of the genotype tub-Gal80 ts ,Indy-Gal4>UAS-rpr,UAS-hid express pro-apoptotic Rpr and Hid in the perineurial glia at 29 C but not at 18 C. Flies raised at 18 C were viable and outwardly normal. When shifted to 29 C as adults the experimental flies died within 3 days (28/30 dead), whereas temperature controls maintained at 18 C (0/20) and genetic controls lacking UAS-rpr and UAS-hid shifted to 29 C (2/34) did not die. Moreover, wild-type flies showed no decreased viability for at least a week after exposure to ethanol (not shown). Therefore, the adult perineurial glia are essential for viability, consistent with their role in transporting circulating sugars into the brain, and they retain their vital functions following ethanol exposure (Volkenhoff et al., 2015) .
The perineurial glia make extensive contact with the subperineurial glia that form most of the physical and chemical barrier (Hindle and Bainton, 2014) . We asked whether ethanol or loss of Akap200 changes barrier permeability, potentially altering the molecular composition of the brain extracellular fluid. Dye-coupled high-molecular-weight dextrans injected into the hemolymph are excluded from the brain by subperineurial septate junctions (Figure 5E) . Similarly, prazosin is excluded from the brain by subperineurial transporter proteins: BODIPYprazosin accumulated at the barrier along with dextran (Figure 5F) . Neither loss of Akap200 nor ethanol exposure increased penetration of either molecule into the brain ( Figure 5F ). Tests with mutants known to disrupt the physical (moody c17 ) and chemical (mdr65 Pex8 ) barrier confirmed our ability to detect barrier defects (not shown) (Bainton et al., 2005; . Therefore, the classical partitioning functions of the blood-brain barrier appear to be intact following ethanol treatment and with loss of Akap200, indicating that Akap200 serves a different role in the perineurial glia.
DISCUSSION
Akap200 scaffolding of signaling in the perineurial glial layer at the interface of the circulation and the brain is critical for the development of ethanol tolerance. Prior work shows that tolerance and other rapidly induced changes in behavior are due to ethanol's effects on neuronal excitability and synaptic plasticity (Ghezzi and Atkinson, 2011; Lovinger and Roberto, 2013) . We propose that ethanol generates tolerance, and perhaps other forms of plasticity, in part by Akap200-tethered PKA signaling and actin organization. Akap200, membrane polarization, PKA activity, and calcium homeostasis all contribute to perineurial competence for promoting tolerance. Moreover, classic partitioning functions of the barrier are unaffected by ethanol or loss of Akap200. These findings assign a function to the perineurial glia in adults in the regulation of behavior, and they provide an in vivo model for ethanol regulation of the actin cytoskeleton. A perineurial-CNS communication pathway appears to exist that is affected by ethanol. Our findings uncover a perineurial Akap200 scaffold that gates ethanol behavioral plasticity. Specifically, tight spatial control of PKA activity by Akap200 appears to be key. Overexpression of PKA-binding Akap200L, but not non-PKA-binding Akap200S interferes with tolerance, indicating that Akap200-PKA association is critical. Blocking Akap200L myristoylation or pseudophosphorylation of Akap200L PKC sites, both predicted to prevent Akap200L MARCKS-like membrane localization, abolishes tolerance interference. Consistent with this, removal of Akap200L PKC phosphorylation sites, predicted to lock Akap200L to the membrane and to actin, dramatically reduces tolerance. These data indicate that PKA kept in proximity of the membrane by Akap200 promotes tolerance, likely to keep PKA close to sources of cAMP production and actin. Moreover, loss of Akap200 causes a reduced or delayed change in perineurial membrane topology, which may be due to decreases in local PKA concentration at membrane sites of signaling.
PKA signaling in perineurial cells must also be tempered for tolerance development: Pka-RII downregulation that delocalizes and activates PKA, and constitutive PKA catalytic activity both decrease ethanol tolerance. Acute ethanol exposure generally activates PKA signaling in mammals to promote ethanol sensitivity and regulate ethanol consumption (Lai et al., 2007; Pandey et al., 2003; Ron and Messing, 2013; Thiele et al., 2000; Wand et al., 2001) . In flies, precise PKA localization regulates ethanol sensitivity: flies lacking Pka-RII or expressing a dominant-negative form in neurons show decreased ethanol sensitivity (Park et al., 2000; Rodan et al., 2002) . Furthermore, genetic manipulation of adenylyl cyclase or phosphodiesterase activity in flies shows that neuronal PKA signaling promotes ethanol tolerance and preference (Ruppert et al., 2017; Xu et al., 2012) .
We demonstrate, in vivo, that the actin cytoskeleton is reorganized with acute ethanol exposure. Ethanol regulation of the actin cytoskeleton in the nervous system is implicated genetically in acute ethanol sensitivity and the acquisition of ethanol preference in flies, and in ethanol reward and ethanol seeking in mice (Laguesse et al., 2017; Ojelade et al., 2015a Ojelade et al., , 2015b Rothenfluh and Cowan, 2013) . Ethanol affects the cytoskeleton of cultured glia as well: astrocytes lose actin stress fibers and mislocalize the focal adhesion protein paxillin in response to brief ethanol exposure (Allansson et al., 2001; Guasch et al., 2003) . Our findings, together with prior biochemical studies, suggest that Akap200 brings signaling pathways into tight proximity with filamentous actin at the membrane, allowing ethanol to control actin organization . Accordingly, the delayed effects of ethanol on perineurial morphology with Akap200 knockdown may be accounted for by decreased local concentration of signaling molecules at actin substrates. A candidate mechanism involves the PKA-regulated Rho-family GTPases that are critical for both actin dynamics and ethanol behavioral responses (Ojelade et al., 2015a; Ridley, 2006) . Whether actin reorganization in perineurial glia is a key step or collateral to tolerance development needs to be determined.
CaM and endoplasmic reticulum stores of calcium in the perineurial glia are important for promoting ethanol sensitivity and tolerance. Furthermore, TrpA1 activation causes a calcium influx and a specific disruption of ethanol tolerance. This suggests that calcium homeostasis or calcium-dependent signaling contributes to Akap200 regulation of behavioral plasticity. Mammalian Akap12, functionally related to Akap200L, is upregulated by ethanol and it shifts from the plasma membrane to the cytoplasm on calcium influx (Lee et al., 2003; Pignataro et al., 2013; Schott and Grove, 2013) .
How do the perineurial cells regulate ethanol behaviors? Akap200, coordinating signaling pathways, may impact a currently known perineurial function like sugar transport from the hemolymph and its metabolism, organic anion flux, or structuring of the overlying extracellular matrix (Petley-Ragan et al., 2016; Seabrooke and O'Donnell, 2013; Volkenhoff et al., 2015) . For example, ethanol might change energy availability in the nervous system to favor nervous system plasticity. Alternatively, precedence exists for the barrier releasing neuropeptidergic signals to the nervous system in response to humoral signals (Alvarez et al., 2013; Spé der and Brand, 2014) . As the main interface between the circulation and the brain, the Drosophila perineurial glia and cells serving equivalent functions in mammals are well-positioned to provide communications between the body and the brain.
EXPERIMENTAL PROCEDURES
Flies were raised on standard food containing agar (1.2% w/v), cornmeal (6.75% w/v), molasses (9% v/v) ; Bing Ye: UAS-CD2mCherry; Ulrike Heberlein: UAS-Pka-C and UAS-Pka-C*. UAS-Akap200 transgenes in the pUAST vector were created by Zhuhao Wu in the laboratory of Alex Kolodkin for P-element transgenesis. The amino acid changes were, in Akap200L isoform PA: UAS-Akap200.NM (non-myristoylated mutation): G-2-A; UAS-Akap200.DN (non-phosphorylated mutation): S-132/135/137-A; UAS-Akap200.CA (pseudo-phosphorylated mutation): S-132/135/137-D. Ubiquitous expression with Act5c-Gal4 of UAS-Akap200 transgenes, except UAS-Akap200S, caused lethality or severe motor impairment, and UAS-Akap200S suppressed UAS-Akap200L lethality, indicating that the transgenes expressed Akap200 proteins.
All strains were outcrossed for at least five generations to the Berlin genetic background. Ethanol vapor and humidified air were produced as previously described (Wolf et al., 2002) . The experimenter was blinded to genotype for all behavioral tests. Groups of 20 male flies (for n = 1) were acclimated to a stream of humidified air for 5 min in the booz-o-mat and then exposed to a continuous stream of ethanol vapor. The flies were filmed for locomotion or counted for loss of the righting reflex for sedation (Wolf et al., 2002) . Sedation sensitivity was the ST50 per group. Sedation tolerance was ST50 exposure 2 minus 1. We developed a miniaturized booz-o-mat that mounted atop a Peltier thermal controller (IC20; Torrey Pines Scientific) for TrpA1 behavior. Control and experimental groups were tested side-by-side and across multiple days to account for variation in behavior. see also Supplemental Experimental Procedures.
Statistical analysis was with GraphPad Prism v6.0. Typically, one-way ANOVA was used followed with Tukey's multiple-comparison test. If the data were not distributed normally (Brown-Forsythe test), we used the Kruskal-Wallis test followed with Dunn's multiple-comparisons test. t tests were two-tailed. Sample sizes were chosen based on prior experience with each experimental paradigm. All graphs show the mean and SEM.
Supplemental information
Supplemental Information includes Supplemental Experimental Procedures and three figures and can be found with this article online at https://doi.org/ 10.1016/j.celrep.2018.01.049.
Molecular biology
RNA was extracted from male heads, DNase treated, and reverse-transcribed using MultiScribe™ (Applied Biosystems).
Quantitative PCR reactions were done using the Taqman Gene Expression system (Applied Biosystems) and custom designed primers on a StepOnePlus machine (Applied Biosystems). C t values were normalized to RpL32, expression was calculated using the ΔΔC t method, and the mean of three independent biological replicates was calculated. Taqman probesets (ThermoFisher) were Akap200 All: Dm01803695_g1, Akap200 -RII: Dm01803696_m1, Akap200 +RII: ARNKRFM, RpL32: Dm02151827_g1.
Behavioral analysis
The capillary feeding assay (CAFE) was used to determine ethanol preference, as previously described ). Groups of eight adult males were collected 3-4 days after eclosion and allowed to recover from CO 2 for one day. They were then exposed to either 55% ethanol vapor/air mixture or 100% humidified air alone for 20 min. After 16 h recovery, flies were placed into the CAFE chamber, which consists of empty vials with capillary tubes containing liquid food with or without 15% ethanol, embedded in the vial plug. Preference index was measured as the volume of food consumed from the ethanol capillaries minus that consumed from the no-ethanol capillaries over the total volume consumed, corrected for evaporation by measuring the volume lost in vials with no flies. Bitter taste avoidance was measured by presenting flies with a choice of 1.25% agarose containing either 50 mM sucrose (S) or 100 mM sucrose and 1 mM quinine (SQ). Groups of approximately 20 male flies were food deprived on water for 14 h, placed in a 40x90x10 mm clear acrylic arena, and 150 uL S and SQ dots were then placed in apposition at the center of the arena. The number of flies on each dot was counted at 120 min. Avoidance was calculated as (SQ -S)/(SQ + S) such that complete avoidance of bitter gives a value of -1. Ethanol absorption was measured by exposing groups of 25 flies to either ethanol vapor (40%) or humidified air for 15 minutes. Flies were frozen immediately on dry ice and the ethanol concentration in whole fly homogenates was measured with an alcohol dehydrogenase-based spectrophotometric assay (Diagnostic Chemicals, Ltd., Charlottetown, PE, Canada).
Immunohistochemistry
Whole flies were prefixed in 4% paraformaldehyde (PF), 1xPBS and 0.05% Triton-X 100 for 20 min on ice to help maintain barrier morphology. Brains were dissected in 1xPBS and 0.05% Triton-X 100 (0.05% PBT), fixed (2% PF in PBT) overnight at 4°C or 1 hr at room temperature. Brains were washed 5x 10 min in 0.1% PBT, blocked 1 hr in 0.1% PBT with 0.5% BSA and 5% normal goat serum and then incubated with primary antibodies overnight at 4°C. Brains were washed, blocked, and incubated with secondary antibodies overnight at 4°C. Brains were washed and mounted on glass slides with Vectashield (Vector Laboratories). Squares of double-sided tape served as narrow spacers such that the brains were partially flattened, facilitating imaging of the brain surface. Primary antibodies used were mouse anti-CD2 (1:500, Serotec OX-34), rabbit anti-GFP (1:1,000, Invitrogen A6455), rabbit anti-dsRed (1:500, Clontech 632496), rat anti-FLAG (1:200, Novus Biotech NBP1-06712), rabbit anti-HA (1:300, Cell Signaling 3724S), and mouse anti-discs large (1:100, DSHB 4F3). MultiColor FlpOut 
